INTRODUCTION
Multicellular organisms with haploid-diploid life cycles are found in several major eukaryotic groups including the green lineage (Archaeplastida) and the red and brown macroalgae (Rhodophyta and Phaeophyceae, respectively). In these organisms, a single genome provides the genetic information to deploy two different developmental programs during the course of the life cycle, leading to the construction of the sporophyte and gametophyte generations, respectively (Cock et al., 2013; Coelho et al., 2007) . One consequence of this type of life cycle is that the emergence of developmental innovations for one generation of the life cycle can occur without it being necessary to evolve novel developmental regulatory modules de novo. This is because it is also possible to adapt regulatory modules that have evolved to function during one generation of the life cycle to carry out related functions during the other generation. An important objective of the developmental biologists that study these organisms has been to understand the relative contributions of these two processes -developmental innovation and trans-generation co-option -to the evolution of multicellularity in these species (Dolan, 2009; Pires and Dolan, 2012; Shaw et al., 2011) . In the green lineage, embryophytes (which have haploid-diploid life cycles) are thought to have evolved from a green algal ancestor with a haploid life cycle by the addition of a sporophyte generation (Bower, 1890; Celakovsky, 1874; Dolan, 2009; Haig and Wilczek, 2006; Niklas and Kutschera, 2010; Qiu, 2008; Qiu et al., 2006) . It has been proposed that the regulatory networks that controlled the development of early embryophyte sporophytes were recruited to a large extent from the gametophyte generation (Dolan, 2009; Niklas and Kutschera, 2010) .
Support for this viewpoint has come both from broad comparisons of gametophyte and sporophyte transcriptomes (Nishiyama et al., 2003; Szovenyi et al., 2011) and from demonstrations that homologues of key regulatory genes in embryophyte sporophytes play important roles in gametophyte function in bryophytes (Aoyama et al., 2012; Kubota et al., 2014; Menand et al., 2007; Nishiyama et al., 2003) . There are however exceptions . For example, the KNOX family of TALE homeodomain transcription factors are not expressed during the gametophyte generation in bryophytes and therefore appear to have evolved as sporophyte developmental regulators (Sano et al., 2005) .
To more fully understand the relative contributions of developmental innovation and trans-generation co-option to the evolution of multicellularity in organisms with haploiddiploid life cycles it would be of interest to investigate this phenomenon in several lineages that have independently evolved complex multicellularity. Not only would this allow the generality of inferences from studies of the green lineage to be accessed but it would also Development • Advance article allow an evaluation of the importance of the ancestral state on subsequent evolutionary events. For example, the brown algae (Phaeophyceae) most probably evolved from an ancestor that alternated between simple, filamentous sporophyte and gametophyte generations (Kawai et al., 2003; Silberfeld et al., 2010) . If this was the case, then the evolution of novel regulatory systems may have played a more important role in the emergence of novel developmental mechanisms than co-option of regulators across generations in this phylogenetic group. Unfortunately, very little is currently known about developmental processes in the brown algae and, for example, no developmental regulatory genes have so far been characterised at the molecular level. However, the recent emergence of the filamentous alga Ectocarpus sp. as a model organism for this group (Cock et al., 2013; Cock et al., 2015; Coelho et al., 2012a ) has created a context in which this type of question can be addressed.
Ectocarpus sp. has a haploid-diploid life cycle that involves alternation between two generations, which both consist of uniserate filaments with a small number of different cell types and bearing simple reproductive structures (Cock et al., 2015) . The morphological similarity of the two generations has allowed mutants affected both in switching between generations (Coelho et al., 2011) and in generation-related developmental processes (Peters et al., 2008) to be isolated. The immediate upright (imm) mutant is particularly interesting because it has major effects on the early development of the sporophyte generation but causes no visible phenotype during the gametophyte generation (Peters et al., 2008) . In individuals that carry this mutation, the initial cell of the sporophyte generation undergoes an asymmetrical rather than a symmetrical cell division and produces an upright filament and a rhizoid rather than the prostrate filament typical of wild type sporophytes (Peters et al., 2008) .
Individuals that carry this mutation therefore fail to implement the typical early sporophyte developmental program and resemble gametophytes but produce the sexual structures of the sporophyte generation at maturity. The absence of a phenotype during the gametophyte generation suggests that the developmental program directed by the IMM gene may have been a sporophyte-specific innovation.
Here we describe the positional cloning of the IMM locus and show that this gene encodes a protein of unknown function, which shares a novel, repeated motif with a viral protein. The IMM gene is part of a large, rapidly evolving gene family in Ectocarpus sp. and species with identifiable homologues exhibit an unusual distribution across the eukaryotic tree of life. et al. (2008) showed that the imm mutation behaved as a recessive, Mendelian allele and was located on an autosome. To map this mutation, a backcrossed descendant of strain Ec137 carrying the imm mutation (Peters et al., 2008) was crossed with the out-crossing line Ec568 (Heesch et al., 2010) to generate a segregating family of 1,699 haploid progeny. The IMM locus was then mapped genetically by scanning the genome for linked microsatellite markers and fine mapping the mutation. To scan for linked markers, a subset of the population (between 30 and 75 individuals) was genotyped for 97 microsatellite markers (Heesch et al., 2010) distributed at approximately 30 cM intervals along the length of the entire genetic map. Additional markers were then generated for a region on chromosome 27 that exhibited co-segregation with the Imm + phenotype and these were tested against the entire population to fine map the IMM locus. Overall, a total of 121 markers were genotyped (Table S1 ), allowing the IMM locus to be mapped to a region of 43.7 kbp between coordinates 2,299,499-2,343,206 on chromosome 27 ( Fig 1A) .
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RESULTS
Positional cloning of the IMM locus
Peters
To identify the imm mutation within the 43.7 kbp interval, this region was amplified as a series of PCR products and the pooled products sequenced on an Illumina HiSeq platform. As the Imm -phenotype is the result of a spontaneous mutation that was not originally present in the parent strain Ec17, we reconstructed reference sequences for the two parental haplotypes of this region by sequencing equivalent PCR products amplified from eight wild type haploid siblings of the imm strain Ec137. Comparison of the sequence data for the eight siblings with that from the Ec137 strain allowed polymorphisms inherited from the diploid parent sporophyte to be distinguished from the causal mutation. Sanger resequencing was used to validate polymorphisms detected by the Illumina sequencing approach and to generate sequence data for several short regions that were not covered by the Illumina sequence data.
This approach identified a two base pair deletion within exon five of gene Ec-27_002610 as the causal mutation of the Imm -phenotype (Fig 1A) . No other mutations were detected within the mapped interval.
The IMM gene encodes a protein of unknown function related to a protein encoded by a brown algal virus
The IMM gene (locus Ec-27_002610) is predicted to encode an 862 amino acid (91.8 kDa)
protein, which consists of a long N-terminal domain that shares no similarity with other Ectocarpus sp. genes or genes from other species, plus a C-terminal domain which includes five imperfect tandem repeats of a 38 amino acid cysteine-rich motif (C-X4-C-X16-C-X2-H-X12, Fig 1B) . The 38 amino acid cysteine-rich motif is very similar to a cysteine-rich repeated motif found in the EsV-1-7 protein of the Ectocarpus virus EsV-1 (Delaroque et al., 2001) , which also contains five of these repeated motifs. Based on this similarity, hereafter we will refer to the 38 amino acid cysteine-rich motif as an EsV-1-7 repeat.
The two base pair deletion in the imm mutant causes a frame shift in the part of the gene that encodes the N-terminal domain. The mutation is predicted to lead to the production of a 418 amino acid protein with a truncated N-terminal domain and possessing no EsV-1-7 repeats ( Fig 1B) .
Disruption of IMM function using RNA interference
Recent work has demonstrated that injection of double stranded RNA into zygotes of the brown alga Fucus induces an RNA interference response, leading to knockdown of target gene expression (Farnham et al., 2013) . RNA interference therefore represents a potential approach to investigate gene function in brown algae but a modification to the Fucus protocol was required because microinjection is not feasible for Ectocarpus due to the small size of its cells. We therefore developed an alternative approach in which synthetic siRNA molecules were introduced into naked gametes using a transfection reagent (see Materials and Methods for details).
Wild type gametes that fail to fuse with a gamete of the opposite sex can develop parthenogenetically to give rise to partheno-sporophytes. These partheno-sporophytes go through the same developmental steps as diploid sporophytes derived from zygotes and are morphologically indistinguishable from the latter. In both cases the initial cell undergoes a symmetrical division that gives rise to two germ tubes, which grow to form a symmetrical, prostrate basal filament (Peters et al., 2008 (Fig 3) . The relatively high abundance of the IMM transcript during the gametophyte generation was surprising because no visible phenotype was detected during this generation in the imm mutant (Peters et al., 2008) . The transcript was less abundant in imm mutant partheno-sporophytes than in wild type partheno-sporophytes (Fig 3) , suggesting that the mutation has a destabilising effect on the transcript.
Analysis of gene expression in the imm mutant sporophyte
In a previous study we analysed gene expression in the imm mutant using a microarray constructed with sequences from two subtraction libraries enriched in genes differentially expressed during either the sporophyte or the gametophyte generation (Peters et al., 2008 ).
This analysis indicated that sporophyte-specific genes were down regulated and gametophytespecific genes upregulated in the imm mutant during the sporophyte generation. Based on this information, and the morphological resemblance of the imm sporophyte to the wild type gametophyte, the Imm -phenotype was interpreted as representing partial homeotic switching from the sporophyte to the gametophyte developmental program (Peters et al., 2008) . Here we used multiple RNA-seq datasets to compare the imm transcriptome with a broader range of samples, including two microdissected partheno-sporophyte tissue samples corresponding to the apical upright filaments and the basal system, respectively. Principal component analysis indicated that, overall, the transcriptome of the imm partheno-sporophyte was actually more similar to the transcriptomes of wild type partheno-sporophyte samples, particularly samples that included upright filaments, than to wild type gametophyte samples (Fig 4) .
We therefore reanalysed the expression patterns of sets of genes that had been previously identified as being significantly upregulated or down regulated in the imm mutant parthenoDevelopment • Advance article sporophyte compared to the wild type partheno-sporophyte (denoted as imm upregulated or IUP and imm downregulated or IDW genes by Peters et al., 2008) . This analysis indicated that IUP and IDW genes tended to be up and down regulated, respectively, in gametophyte samples but they also showed very similar patterns of expression in upright filaments isolated from the sporophyte generation ( Fig S1) . Bearing in mind that that the gametophyte generation consists almost entirely of upright filaments, these results suggested that the IUP and IDW genes, rather than being life-cycle-regulated genes, may correspond to loci that are differentially regulated in upright filaments compared to basal tissues.
To further investigate this possibility, a genome-wide analysis was carried out using RNA-seq data and DEseq2 (Love et al., 2014) to identify additional genes that were differentially expressed in the imm partheno-sporophyte compared to the wild type parthenosporophyte. This analysis identified 1,578 genes that were significantly differentially expressed between the two samples (1,087 up-regulated in imm and 491 down-regulated; Table S2 ). Again, analysis of expression patterns across several different samples indicated that the majority of these genes did not exhibit life-cycle-generation-specific expression patterns but rather were up-or down-regulated in upright filaments ( Fig S2) .
Taken together, these observations suggest an alternative interpretation of the Imm -phenotype. Rather than representing a mutation that causes switching between life cycle generations, we propose that abrogation of the IMM gene leads to failure to correctly implement the early developmental program of the sporophyte. In the absence of a functional IMM gene the initial cell does not divide symmetrically and there is no deployment of a system of basal filaments before the establishment of the apical/basal axis (Fig 2A) . Rather, an asymmetrical division of the initial cell directly produces a basal rhizoid cell and an apical thallus cell. We suggest that the resemblance with the gametophyte, in terms of gene expression, is not due to switching to the gametophyte developmental program but rather due to the sporophyte adopting an alternative developmental program which is more similar to that of the gametophyte (immediate production of an upright filament).
The 1,578 genes that were identified as being significantly differentially expressed between the imm partheno-sporophyte and the wild type partheno-sporophyte were analysed for enriched gene ontology categories. One significant (FDR < 5%) category was found for the upregulated genes (G-protein signalling) and two (photosynthesis-related and RNA polymerase II activity) for the downregulated genes (Tables S3 and S4 ).
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The IMM gene is a member of a large gene family in Ectocarpus sp.
A search of the Ectocarpus sp. genome identified a large family of 91 genes that encode proteins with at least one EsV-1-7 domain, indicating that IMM is part of a large gene family in this species. The 91 predicted proteins contain between 1 and 19 copies of the cysteine-rich motif (6 on average), with multiple motifs being organised as adjacent tandem repeats in almost all cases. Eighty-seven of the 91 predicted proteins (including IMM) did not consist solely of EsV-1-7 domains but contained at least one additional polypeptide region (of at least 25 contiguous amino acids and often considerably longer) but only two of these additional polypeptide regions contained known structural domains (a heavy-metal-associated domain and an ABC transporter ATP-binding domain; Table S5 ). Clustering analysis indicated that in most cases these additional domains were unique. Only 19 proteins could be clustered based on similarities between these additional polypeptide regions (five clusters of 2 to 9 proteins) and most of these clusters appeared to have arisen as a result of local gene duplications (eight linked duplicated gene pairs).
In addition to the loci described above, five putative pseudogenes were associated with the EsV-1-7 family (Table S5 ). Classification as pseudogenes was based either on the presence of a stop codon within the predicted coding region (one gene) or on failure to detect any evidence of gene expression (TPM<1) across multiple tissue samples and life cycle stages (four genes). In addition, we noted that the 91 EsV-1-7 domain genes described above included three bi-or monoexonic loci with short open reading frames, which are often located near to or within the untranslated regions of neighbouring genes and may correspond to gene fragments.
Estimates of transcript abundances based on RNA-seq data indicated that the members of the Ectocarpus sp. EsV-1-7 domain gene family have diverse expression patterns (Fig S3) , suggesting that they carry out diverse functions at different stages of the life cycle and in different organs.
IMM orthologues and EsV-1-7 domain proteins in other species
Searches of the recently published Saccharina japonica genome (Ye et al., 2015) and multiple brown algal transcriptomes produced by the onekp project (https://sites.google.com/a/ualberta.ca/onekp/) identified predicted proteins similar to IMM in a broad range of brown algal species, including members of the Ectocarpales, the Laminariales and the Fucales. Reciprocal blasts indicated that a number of these proteins were IMM orthologues and this conclusion was supported by the observation that best reciprocal Development • Advance article blast matches to Ec-17_002150 (which is the member of the Ectocarpus sp. EsV-1-7 family that is most similar to IMM) formed a distinct cluster in a phylogenetic tree (Fig S4) . Taken together, these analyses indicated that the EsV-1-7 family is evolving not only more rapidly than the average gene in the genome but also more rapidly than the set of sex-biased genes.
A more detailed analysis of sequence conservation at the domain level, indicated that the EsV-1-7 domains (i.e. the regions of the proteins containing the EsV-1-7 repeats) tended to be markedly more conserved than the other parts of the proteins (Fig S5) . The conservation of the EsV-1-7 domains at the sequence level suggests that these regions correspond to the main functional features of the proteins and it is possible that the regions outside these domains do not have specific functional roles in most cases. Note that the IMM orthologues from diverse brown algal species also exhibited this characteristic, with the EsV-1-7 repeat region being more strongly conserved across species than the other parts of the protein (e.g. Fig S5) .
A search of available stramenopile genomes identified single EsV-1-7 domain genes in each of the Nannochloropsis gaditana, Nannochloropsis oceanica and Pythium ultimum genomes, although the P. ultimum gene contained only one, poorly conserved repeat (Table   S6 ). No EsV-1-7 domain genes were found in other stramenopile genomes, including those of the diatoms Thalassiosira pseudonana and Phaeodactylum tricornutum. The small number of
EsV-1-7 domain genes in stramenopiles other than the brown algae (zero or one gene per genome), suggests that the diversification of the brown algal EsV-1-7 domain genes occurred within the brown algal lineage.
Searches for homologues in other eukaryotic groups revealed a similar, patchy distribution of EsV-1-7 domain proteins across the eukaryotic tree ( Fig 5A, Table S6 ). The only other species in which EsV-1-7 domain proteins were detected were the cryptophyte Guillardia theta (37 genes), the green algae Coccomyxa subellipsoidea (four genes) and
Monoraphidium neglectum (11 genes), and a single gene with one poorly conserved EsV-1-7 domain in the fungus Rhizophagus irregularis. The genome of the Ectocarpus virus EsV-1 contains a single EsV-1-7 domain gene and single homologues were also found in two distantly related viruses, Pithovirus sibericum (which infects Acanthamoeba) and Emiliania huxleyi virus PS401.
The sets of stramenopile, cryptophyte and chlorophyte EsV-1-7 domain genes each exhibited characteristic features in terms of the conserved residues within the repeated cysteine-rich motif (Fig 5B) , indicating that each group of genes diversified independently.
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DISCUSSION
In most brown algal species the first cell division is asymmetrical and defines not only the apical/basal axis but also establishes the separate apical and basal lineages that will give rise, respectively, to the thallus and to anchoring structures such as a rhizoid or a holdfast (Fritch, 1959 Outside the stramenopiles, EsV-1-7 domain proteins were only found in two chlorophyte species and one cryptophyte species, with a possible single gene in the fungus Rhizophagus irregularis. This patchy distribution of EsV-1-7 domain genes across the eukaryotic tree is difficult to reconcile with vertical inheritance from a common ancestor. Given that 1) the short EsV-1-7 repeat is the only motif that is conserved across major lineages, 2) that this motif does show some sequence variation and 3) that the repeat motifs of each lineage have their own distinct, conserved characteristics (Fig 5B) , it is possible that the gene families of Development • Advance article each major eukaryotic lineage evolved independently. However, this process would have had to involve remarkable, multiple convergences towards the use of several highly conserved residues in a specific configuration in each distinct lineage. In this context, it is interesting to note that EsV-1-7 domain genes were found in three diverse viral genomes and it is tempting to speculate that the highly unusual distribution of this gene family in extant eukaryotic lineages is the result, at least in part, of ancient horizontal transfers of EsV-1-7 domain genes due to cross-species viral infections.
MATERIALS AND METHODS
Ectocarpus strains and growth conditions
The Ectocarpus strains used to map the imm mutation are described in the next section. The imm mutant strain Ec419 was generated by crossing the original imm mutant strain (Ec137; (Peters et al., 2008 ) with a wild type sister Ec25 and selecting gametophyte descendants that produced Imm -partheno-sporophytes. The imm gametophyte generation was generated from these imm partheno-sporophytes by inducing the production of meio-spores. The wild type individuals used in this study were strain Ec32, a brother of the original imm mutant strain Ec137. Ectocarpus was cultivated as described previously (Coelho et al., 2012b) .
Genetic mapping of the IMM locus
The imm mutation was originally detected in strain Ec137, a male descendant of a diploid sporophyte Ec17 isolated at San Juan de Marcona, Peru (Peters et al., 2008) . Ec137 was crossed with a sister, Ec25, to generate the diploid sporophyte Ec372, which gave rise to a male gametophyte Ec420. To map the imm mutation, Ec420 was crossed with Ec568 and the resulting diploid sporophyte Ec700 gave rise to a population of 1,699 gametophyte progeny, all derived from independent meiotic events (i.e. isolated from independently micro-dissected unilocular sporangia). Initially, 30 individuals from this segregating population were genotyped with 97 microsatellite markers distributed at approximately 30 cM intervals along the length of the entire genetic map (Heesch et al., 2010) . Additional microsatellite markers were developed based on the Ec32 genome sequence to fine map the mutant locus (Table S1 ).
Quantitative RT-PCR analysis of mRNA abundance
Total RNA was extracted as previously described (Coelho et al., 2011) (GGGGTTTGGGTGGAAGAGGACC) and E657Q4R
(CGGCGTGGAAGCTGCCTGGTAT) and ELONGATION FACTOR 1α (EF1α) cDNA was amplified as an internal reference with primers EF1adeL (CAAGTCCGTCGAGAAGAAGG) and EF1autrL (CCAGCAACACCACAATGTCT). Quantitative RT-PCR was carried out using the ABsolute QPCR SYBR Green ROX Mix (ThermoScientific) in a Chromo4
thermocycler (Bio-Rad Laboratories) and data were analysed with the Opticon monitor 3 software (Bio-Rad Laboratories). Amplification specificity was checked using a dissociation curve. The amplification efficiency was tested using a genomic dilution series and was always between 90% and 110%. A standard curve was established for each gene using a range of dilutions of Ectocarpus sp. genomic DNA (between 80 and 199,600 copies) and gene expression level was normalized against the EF1α reference gene. Two technical replicates were carried out for the standard curves and three technical replicates for the samples. The data shown correspond to the mean ± the standard deviation for the biological replicates.
RNA interference
Small interfering RNAs (siRNAs) directed against the IMM gene transcript were designed using version 3.2 of E-RNAi (Horn and Boutros, 2010) . The specificity of the designed siRNAs was determined by comparing the sequence (Blastn) with complete genome and transcriptome sequences. Candidates that matched, even partially, genomic regions or transcripts in addition to IMM were rejected. Three siRNAs with predicted high specificity corresponding to different positions along the IMM transcript were selected (Table S7) 100 bp single-end reads. The quality of the sequence data was assessed using the FASTX toolkit (http://hannonlab.cshl.edu/fastx_toolkit/index. html) and the reads were trimmed and filtered using a quality threshold of 25 (base calling) and a minimal size of 60 bp. Only reads in which more than 75% of the nucleotides had a minimal quality threshold of 20 were retained. Filtered reads were mapped to the Ectocarpus sp. genome (Cock et al., 2010b) , available at ORCAE (Sterck et al., 2012) , using TopHat2 with the Bowtie2 aligner (Kim et al., 2013) and the mapped sequencing data were processed with HTSeq (Anders et al., 2014) to count the numbers of sequencing reads mapped to exons. Expression values were represented as Transcripts Per Kilobase Million (TPM). Genes with TPMs of <1 in all samples were considered not to be expressed.
Heat maps schematically representing gene transcript abundances were generated using Analysis of differential gene expression was carried out using the DESeq2 package (Bioconductor; Anders and Huber, 2010) using an adjusted P-value cut-off of 0.1 and a minimal fold-change of 2. Differentially expressed genes are listed in Table S2 .
Identification and analysis of the Ectocarpus sp. EsV-1-7 domain gene family
Ectocarpus sp. EsV-1-7 domain proteins were identified by iteratively blasting IMM and other EsV-1-7 domain protein sequences against the predicted proteome (Blastp). Clusters of closely related genes within the Ectocarpus sp. EsV-1-7 domain family were identified by generating a similarity network based on comparisons of the non-repeat regions of the proteins with the EFI-EST similarity tool (http://efi.igb.illinois.edu/efi-est/index.php).
Searches for IMM orthologues and members of the EsV-1-7 family in other genomes
Saccharina japonica EsV-1-7 domain genes were identified either by blasting Ectocarpus sp.
protein sequences against the predicted proteome (Blastp) or against the S. japonica genome sequence (tBlastn) (Ye et al., 2015) . The coding regions of novel EsV-1-7 domain genes detected in the genome (19 genes) were assembled using GenomeView (Abeel et al., 2012) and the publically available genome and RNA-seq sequence data (Ye et al., 2015) . The same approach was used to improve the gene models for five of the EsV-1-7 domain genes previously reported by Ye et al. (2015;  indicated by adding "mod" for modified to the protein identifier). Orthology between Ectocarpus sp. and S. japonica EsV-1-7 family proteins was determined using reciprocal blast analysis combined with manual comparisons of protein alignments. To analyse the rate of evolution of the EsV-1-7 family of proteins, a set of 9,845 orthologues pairs was first identified by comparing the complete predicted proteomes of Ectocarpus sp. and S. japonica and retaining reciprocal best Blastp matches. Global percentage identities based on alignments of the full protein sequences were then calculated for pairs of orthologous proteins using EMBOSS Needle (Li et al., 2015) and the set of percentage identities for the 34 orthologous pairs of EsV-1-7 proteins was compared with that of the complete set of 9,845 orthologue pairs. To compare the EsV-1-7 proteins with known Development • Advance article fast-evolving proteins, a similar analysis was then carried out with a set of 905 Ectocarpus sp.
sex-biased genes that have one-to-one orthologues in S. japonica (Lipinska et al., 2015 http://bioinformatics.psb.ugent.be/orcae/overview/Bathy) (Moreau et al., 2012) . Finally, iterative searches using EsV-1-7 domain proteins from phylogenetically distant species were carried out against the NCBI and Uniprot databases to identify distantly related members of this gene family.
Phylogenetic trees were constructed based on ClustalW-generated alignments using the Maximum likelihood approach (PhyML) implemented in Seaview (Gouy et al., 2010) .
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Statistics
Sample sizes were chosen to allow adequate downstream statistical analysis.
Data Availability
Sequence data from this article can be found in the Sequence Read Archive under accession number SRP037532 (see Table S8 for details). Table S1 . List of the genetic markers used to map the IMM locus. Table S2 . List of the genes that were significantly differentially expressed between the imm and wild type sporophyte generations. Table S3 . Results of a GOslim (p<0.05) search for enriched gene ontology categories in the list of genes that were significantly upregulated in the imm sporophyte compared with the wild type sporophyte (TPM>1, fold change>2). Table S4 . Results of a GOslim (p<0.05) search for enriched gene ontology categories in the list of genes that were significantly downregulated in the imm sporophyte compared with the wild type sporophyte (TPM>1, fold change>2). Table S5 . Characteristics of the 91 members of the Ectocarpus sp. EsV-1-7 domain gene family. Table S6 . EsV-1-7 domain genes in other species. Table S7 . siRNA molecules used for the RNA interference experiments. Table S8 . Ectocarpus RNA-seq data used in this study. Tables S1-S8 
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